Wu ZX, Benders KB, Hunter DD, Dey RD. Early postnatal exposure of mice to side-steam tobacco smoke increases neuropeptide Y in lung. Am J Physiol Lung Cell Mol Physiol 302: L152-L159, 2012. First published October, 14, 2011 doi:10.1152/ajplung.00071.2011.-Our recent study showed that prenatal and early postnatal exposure of mice to sidesteam tobacco smoke (SS), a surrogate to environmental tobacco smoke (ETS), leads to increased airway responsiveness and sensory innervation later in life. However, the underlying mechanism initiated in early life that affects airway responses later in life remains undefined. The concomitant increase in nerve growth factor (NGF) after exposures suggests that NGF may be involved the regulation of airway innervation. Since NGF regulates sympathetic nerve responses, as well as sensory nerves, we extended previous studies by examining neuropeptide Y (NPY), a neuropeptide associated with sympathetic nerves. Different age groups of mice, postnatal day (PD) 2 and PD21, were exposed to either SS or filtered air (FA) for 10 consecutive days. The level of NPY protein in lung and the density of NPY nerve fibers in tracheal smooth muscle were significantly increased in the PD2-11SS exposure group compared with PD2-11FA exposure. At the same time, the level of NGF in lung tissue was significantly elevated in the PD2-11SS exposure groups. However, neither NPY (protein or nerves) nor NGF levels were significantly altered in PD21-30SS exposure group compared with the PD21-30FA exposure group. Furthermore, pretreatment with NGF antibody or K252a, which inhibits a key enzyme (tyrosine kinase) in the transduction pathway for NGF receptor binding, significantly diminished SS-enhanced NPY tracheal smooth muscle innervation and the increase in methacholine-induced airway resistance. These findings show that SS exposure in early life increases NPY tracheal innervation and alters pulmonary function and that these changes are mediated through the NGF. airway innervation; asthma; secondhand smoke; neurotrophic factor ENVIRONMENTAL TOBACCO SMOKE (ETS) is an environmental trigger factor that leads to airway inflammation and asthma symptoms in susceptible individuals and animals (25, 33, 34) . Exposure to ETS in utero or during early postnatal development increases the incidence of respiratory illnesses (11, 13, 28, 31, 35 ) later in life. Epidemiological studies (11, 13, 25, 28, (32) (33) (34) (35) show that the probability of developing or exacerbating childhood asthma increases in children of mothers who smoke cigarettes. These results suggest that the prenatal and early postnatal periods are critical periods of developmental sensitivity to cigarette smoke exposure. Indeed, our recent study (40) showed that exposure to side-steam tobacco smoke (SS) during prenatal and early postnatal life produces changes in lung function and airway innervation later in life, supporting the concept of an early life critical period of susceptibility. However, the underlying mechanism initiated by early life exposures that affect lung structure and function later in life remains undefined.
airway innervation; asthma; secondhand smoke; neurotrophic factor ENVIRONMENTAL TOBACCO SMOKE (ETS) is an environmental trigger factor that leads to airway inflammation and asthma symptoms in susceptible individuals and animals (25, 33, 34) . Exposure to ETS in utero or during early postnatal development increases the incidence of respiratory illnesses (11, 13, 28, 31, 35) later in life. Epidemiological studies (11, 13, 25, 28, (32) (33) (34) (35) show that the probability of developing or exacerbating childhood asthma increases in children of mothers who smoke cigarettes. These results suggest that the prenatal and early postnatal periods are critical periods of developmental sensitivity to cigarette smoke exposure. Indeed, our recent study (40) showed that exposure to side-steam tobacco smoke (SS) during prenatal and early postnatal life produces changes in lung function and airway innervation later in life, supporting the concept of an early life critical period of susceptibility. However, the underlying mechanism initiated by early life exposures that affect lung structure and function later in life remains undefined.
The nervous system, including the nerves supplying the airways, is highly susceptible to environmental influences during development (9) . Our previous studies (40) have shown that SS exposure in early life alters substance P (SP) airway innervation later in life, suggesting that airway sensory nerves are involved in a putative critical period of developmental sensitivity to cigarette smoke exposure. Neuropeptide Y (NPY), a 36-amino acid peptide, is a cotransmitter and neuromodulator in the peripheral sympathetic nerves (1, 24) . Recent studies (12) showed that NPY not only produces vasoconstriction of airway vasculature, but it also plays an important role in the regulation of a large number of physiological and pathophysiological processes in the respiratory system. Clinical studies (6) have found that higher NPY concentrations have been found in patients with bronchial asthma compared with normal subjects, indicating elevated NPY may be involved in asthma.
Nerve growth factor (NGF) is a neurotrophic factor that promotes and maintains growth of the central and peripheral nervous systems (22) . NGF in the lung increases during gestation and decreases progressively with postnatal age (16) . Disruption of normal synthesis and release of NGF result in changes in airway innervation, which lead to disease-related abnormalities in the respiratory system (16, 30, 36, 37) . Our recent studies (36, 37) showed that NGF was produced by irritant exposures and mediated changes in the distribution of airway nerves. Thus we hypothesized that SS exposure during the early postnatal period alters NPY airway innervation, which is possibly mediated by NGF. These neural changes may contribute to increased susceptibility to asthma in later life. The present experiments characterize changes in NPY innervation and NGF expression during early postnatal exposure to SS and demonstrate attenuation of the neural response when NGF actions are inhibited.
METHODS
ICR mice (Harlan, Indianapolis, IN) were housed with access to food and water ad libitum in an Food and Drug Administrationapproved facility. All procedures were performed in accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals, published by the National Institutes of Health, and the protocols were approved by the West Virginia University Animal Care and Use Committee (#05-0503). The animals were treated humanely and with regard for alleviation of suffering.
SS exposure. By classical definition, environmental tobacco smoke (ETS) is a diluted mixture of the smoke given off by the burning end of a tobacco product (SS, ϳ85%) and the smoke exhaled by smokers (mainstream smoke, ϳ15%). Based on previous ETS exposure studies (27, 40, 43) , we used SS as a surrogate to ETS to identify critical developmental periods of susceptibility.
Initial experiments were conducted to determine an exposure time course for neural responses to SS. For these initial studies, mice were exposed to either SS or filtered air (FA) 6 h per day for 1 day [beginning on postnatal day (PD) 11 or PD30], 5 days (beginning on PD7 or PD26), or 10 days (beginning on PD2 or PD21) to test SS effect of exposure dose in early and later postnatal period, respectively. In each of these protocols, the final exposure day was PD11 (within the proposed critical period) or PD30 (beyond the critical period). These groups are designated as PD2, PD7, PD11, PD21 et al. Based on our results (Fig. 1 ) and recent publication (40), a 10-day exposure protocol beginning on PD2 (designated PD2-11) or PD21 (designated PD21-30) was chosen for more extensive investigation. In all studies, lung tissues were collected 16 h after the last SS exposure. A major goal of the current study was to understand possible neuronal mechanisms initiated by SS in early life that affects lung function later in life. Our previous study (40) showed that SS exposure in the PD21-30 group did not alter airway responsiveness to reexposure on PD59 Therefore, in the current study, mice in the PD2-11 group were allowed to mature to PD59 and pulmonary function testing was conducted on PD60, 16 h after a SS reexposure on PD59. Rough comparisons of approximate mouse and human postnatal lung development are based primarily on age relative to puberty (about PD28). The PD2 mouse is similar to a human neonate, and PD21 is similar to a prepubertal child (27, 32) .
The SS exposure protocol and methods used in this study have been described in our recent publication (40) . Briefly, mice were randomly placed in an exposure chamber (BioClean, DuoFlo, model H 5500; Lab Products) that measured 1.92 ϫ 1.92 ϫ 0.97 m (3.58 m 3 ). The mice were housed in separate cages located in the exposure chamber. SS from Marlboro filter cigarettes (Phillip Morris, Richmond, VA) was introduced into the exposure chamber at a rate of four cigarettes every 15 min for 6 h per day for 10 days using a smoking machine (RM 1/G; Heinr Borgwald, Hamburg, Germany). At the end of the 6-h exposure period, the exhaust fan on the BioClean unit was turned on to rapidly lower the level of smoke in the exposure chamber. The mice were then transported to the animal facilities overnight. The concentrations of carbon monoxide in the exposure chamber were monitored and kept to an average of ϳ50 parts per million, relative humidity was ϳ50%, and temperature was ϳ23°C. Total suspended particulate concentration was ϳ1.1 mg/m 3 , similar to exposure levels used by others to approximate the cloud of particulates surrounding a person during active smoking (43) . The level of nicotine in blood was also measured in some experiments. In FA-exposed animals, the nicotine level in blood was ϳ0 ng/ml. After 10 days of SS exposure, the nicotine level in blood was ϳ20 ng/ml, which was similar with the nicotine levels typically found in human smokers (10 -50 ng/ml; Refs. 3, 38) .
After daily exposure to SS or FA for 10 days, the average weights of the SS exposure in PD2-11 (10.5 Ϯ 1.8 g; n ϭ 12) and PD21-30 (21.4 Ϯ 2.3 g; n ϭ 12) were not significantly different from the PD2-11 (11.5 Ϯ 2.2 g; n ϭ 12) and PD21-30 (23.1 Ϯ 2.8 g; n ϭ 12) FA exposure groups, respectively.
To test the role of NGF on SS-altered NPY and lung function in the PD2-11 group, the tyrosine kinase antagonist K252a or a specific NGF antibody was used to block NGF effects. K252a has been shown to inhibit NGF receptor trkA, trkB, and trkC phosphorylation (26) and block NGF-induced neuropeptide production (7, 36) . Also, NGF antibody has been shown to inhibit enhanced airway innervation after irritant exposures (5, 16) . To ensure sufficient reduction of NGF effects, the mice were treated using both aerosol exposure and subcutaneous injection. The final dosages of K252a and NGF antibody were based on previous studies (4, 5, 7, 36) and our preliminary data. The final concentration of K252a for the aerosol exposure (Sigma-Aldrich, St. Louis, MO) was 100 nM, and 100 g/kg of K252a were subcutaneously injected. The rabbit anti-NGF antibody and IgG (Sigma-Aldrich) were diluted 1:2,000 (3 ug of total protein/ ml) for the aerosol exposure and subcutaneous injection. For the aerosol exposure, mice were placed in a Plexiglas chamber (15ϫ 15 ϫ 10 cm), which was connected to a mini-ultrasonic nebulizer and placed under a negative-pressure exhaust hood for 10 min 1 h before SS exposure on each day. Two milliliters of K252a, or K252a vehicle (2% DMSO in normal saline solution), or rabbit anti-NGF antibody or IgG control were nebulized with an output rate of 0.1 ml/min. Before first SS exposure and after the last SS exposure, mice were injected subcutaneously with K252a (100 g/kg), or equal volume K252a vehicle, or NGF rabbit anti-mouse antibody (1:2,000 dilution, 4 ml/kg,) or IgG (1:2,000 dilution, 4 ml/kg).
NGF ELISA. NGF ELISA assay in lung tissue was conducted as previously described (40) . Lungs were obtained from each animal 16 h after the last SS exposure. The specimens were weighed, homogenized, and centrifuged (40,000 g). Supernatant fractions were collected, filtered, and frozen at Ϫ80°C until assay. The concentration of NGF (7.8 -500 pg/ml) in each sample was assayed using the NGF Emax immunoassay system (Promega, Madison, WI) according to the manufacturer's instructions. All samples were run in duplicate.
Immunoblotting analyses. Lung tissue obtained 16 h after the last SS exposure was homogenized in ice-cold RIPA lysis buffer (Upstate, Temecula, CA) and centrifuged at 16,000 g for 30 min. Supernatant was mixed with an equal volume of Laemmli sample buffer and heated to 100°C for 2 min. Variable volumes of sample containing equal amounts of protein were loaded onto gels for SDS-PAGE. Following separation by electrophoresis, proteins in the gels were transferred to nitrocellulose membranes, which were incubated with rabbit anti-NPY or anti-␤-actin antibodies (1:1,000; Chemicon, Temecula, CA) overnight at 4°C and then with Alexa Fluor 680-conjugated secondary antibody (1:20,000; Invitrogen, Carlsbad, CA) for 30 min at room temperature (Invitrogen). The detection and quantification of specific bands were carried out using a fluorescence scanner (Odyssey Infrared Imaging System; LI-COR Biotechnology, Lincoln, NE).
Real-time PCR analysis. Lungs obtained 16 h after the last SS exposure were immediately flash frozen in liquid nitrogen and stored in a freezer at Ϫ80°C. The frozen specimens were placed in lysis buffer and homogenized using a conventional rotor-stator homogenizer. Total RNA was extracted from lung homogenates using TRIzol reagent (Invitrogen), according to the manufacturers' protocol. Purity and quantity of total RNA were determined using the Nanodrop ultraviolet-visible spectrophotometer (NanoDrop Technologies, Wilmington, DE). The reverse-transcribed cDNA was generated using SuperScript II kit (Invitrogen) following the manufacturer's instructions. The cDNAs were amplified with TaqMan Gene Expression Assays (Applied Biosystems, Foster City, CA) in a 7500 Real Time PCR System (Applied Biosystems) according to the manufacturers' instructions and protocols. Primers for the cDNA amplification were designed using Primer Express software (Applied Biosystems): NGF forward primer, 5=-AGCAAGCGGTCATCATCC-3=; and NGF reverse primer, 5=-GTGGCGGTGGTCTTATCC-3=. Thermal cycling was performed as follows: initial denaturation at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The expression of a housekeeping gene encoding ␤-actin was used as the endogenous control for transcripts normalization and was amplified with primers. The relative change in gene expression was calculated with the following formula: fold change ϭ 2 Ϫ(ddCt) ϭ 2-dCt (treated samples) Ϫ dCt (control samples), where dCt ϭ Ct (detected gene) Ϫ Ct (HPRT1) and Ct is the threshold number. Fold changes were calculated using the system software.
Immunocytochemistry. The procedures for immunocytochemical quantification of airway nerves have been described previously (8, 39, 40) . Briefly, tracheal segments were removed 16 h after the last smoke exposure and fixed in picric acid-formaldehyde fixative for 3 h, rinsed three times with 0.1 M PBS containing 0.3% Triton-X-100 (PBS-Tx), frozen in isopentane, cooled with liquid nitrogen, and stored at Ϫ80°C. Cryostat sections (12 m thickness) were collected on gelatin-coated coverslips and dried briefly at room temperature. Then, cryostat sections were covered with rabbit NPY antibody (Peninsula, Belmont, CA) diluted 1:100, incubated in a humid chamber at 37°C for 30 min and rinsed with a 1% BSA-PBS containing Triton X-100 solution (PBS-Tx plus BSA) three times allowing 5 min for each rinse. The sections were then covered with fluorescein isothiocyanatelabeled goat anti-rabbit antibody (Invitrogen) diluted 1:100, incubated at 37°C for 30 min, and rinsed. Then, some sections were processed for protein gene product (PGP) 9.5 immunoreactivity using guinea pig anti-PGP 9.5 (1:100; Millpore, Billerica, MA) and donkey anti-guinea pig labeled with rhodamine (1:100; Jackson Laboratory, Bar Harbor, Maine). After all immunocytochemical procedures were conducted, the coverslips were mounted with fluoromount and observed under a fluorescence microscope equipped with fluorescein (excitation wavelengths from 455 to 500 nm and emission wavelengths Ͼ510 nm) and rhodamine (excitation 540 -504 nm and emission Ͼ580) filters. Controls consisted of testing the NPY specificity of the primary antiserum by absorption with 100 ng/ml of NPY. Nonspecific background labeling was determined by omission of primary antiserum.
For measuring nerve fiber density in tracheal smooth muscle, we collected images of control, NPY, and PGP 9.5 nerve fibers in series under the Zeiss LSM 510 confocal microscope. A series of images representing all of the tracheal smooth muscle in a section was collected in digital files and saved to an internal database and measured using Optimas software. We selected regions of smooth muscle using the rhodamine channel to avoid possible bias created by the presence or absence of nerve fibers. The smooth muscle regions were outlined to measure total cross-sectional area of smooth muscle. The microscope was then switched to reveal nerve fibers in the fluorescein channel, and the image was digitally captured. The thresholding levels were manually adjusted to subjectively optimize the appearance of fluorescent nerves. The area of nerve fibers was determined by segmentation with the Optimas software. Then, nerve fiber area was standardized to the total cross-sectional area of smooth muscle. The final value of nerve fiber density is expressed as percentage of dividing the SP or PGP 9.5 nerve fiber area by the total area of smooth muscle. At least 10 measurements were made for each section, and 15 sections were measured in each animal.
Measurements of lung function. Lung function was determined by measuring changes of pulmonary resistance (RL) and dynamic compliance (Cdyn) after aerosolized methacholine (MCh) challenge using a modification of our previously described technique (40, 41) . Briefly, mice were anesthetized with pentobarbital (70 mg/kg ip) before or 16 h after reexposure to SS on PD59. Pulmonary function testing was conducted at PD60 to determine if the critical period exposure produced airway hyperresponsiveness in later life. Testing could not be conducted at PD11 or PD30 due to the small size of the mice. For the pulmonary function measurements, the trachea was cannulated just below the larynx via a tracheotomy and a four-way connector was attached to the tracheotomy tube. Two ports were connected to the inspiratory and expiratory tubes of a respirator (Harvard model 683; South Natick, MA). The mice were ventilated at a constant rate of 200 breaths/min and a tidal volume of ϳ0.2 ml. Aerosolized MCh chloride (Sigma) was administered for 30 s in increasing concentrations (0, 6.25, 12.5, 25, and 50 mg/ml). For 5 min before and after each MCh challenge, total R L and Cdyn were analyzed by computer on a breathby-breath basis (Biosystem; Buxco, Wilmington, NC).
Data analysis. Unless otherwise stated, results are expressed as means Ϯ SE. The R L and Cdyn elicited by MCh were expressed as a percentage of the baseline. Nerve fiber density was expressed as percent area of NPY-immunoreactive nerve fibers in the total area of the smooth muscle. Statistical analysis of the Fig. 1, 2, 3 , and 4 was performed using one-way ANOVA with multiple comparisons and in Figs. 5 and 6 was performed by two-way repeated-measures ANOVA. When the main effect was considered significant at P Ͻ 0.05, pair-wise comparisons were made with a post hoc analysis (Fisher's least significant difference). A value of P Յ 0.05 was considered significant, and n represents the number of animals studied.
RESULTS

Exposure time course of SS during early and late postnatal periods on the change of NPY nerves.
To determine the initial time course effect of SS on NPY innervation, the density of NPY nerve fibers in the airway smooth muscle was examined after 1 day, 5 days, and 10 days of SS exposure during both the early (PD11, 7, and 2) or late (PD30, 26 or 21) postnatal periods. In the PD2 and PD7 exposure groups, NPY nerve fiber density was significantly increased (Fig. 1) . However, NPY nerve fiber density did not change significantly in any of the late postnatal groups (Fig. 1) . Based on these findings, an exposure protocol of 10 days, beginning on either PD2 (PD2-11 group) or PD21 (PD21-30 group) was used in subsequent experiments.
Effects of early and late 10 day SS exposure on NPY. NPY and PGP 9.5 nerves in the tracheal smooth muscle of mice were analyzed based on the immunocytochemistical localization by fluorescein and rhodamine ( Fig. 2A) . The NPY immunoreactive nerve fibers were colocalized with PGP 9.5, confirming their identity as nerve fibers. The density of PGP 9.5 nerve fibers in airway smooth muscle did not significantly change in SS exposed animals compared with FA exposed animals of either age group (Fig. 2B) . However, the density of NPY nerve fibers in the airway smooth muscle was significantly increased after 10 days of SS exposure in the PD2-11 group (Fig. 2) . These findings suggest that SS exposure in-creases NPY content in existing nerves in PD2-11 group, but total airway innervation was unaltered.
Western blots indicated that NPY levels were elevated in lung in PD2-11SS group compared with PD2-11FA exposure group (Fig. 3) . However, the level of NPY was not significantly altered in PD21-30 SS exposure group compared with PD21-30 FA exposure group (Fig. 3) .
Effect of SS during early and late postnatal periods on change of NGF. Based on our previous studies (36, 37) that NGF production was stimulated by irritant exposures and mediated the distribution of airway innervation, our next experiment focused on the effects of SS on NGF. NGF mRNA and protein in lung tissue were measured by RT-PCR and ELISA (Fig. 4) . After 10 days of SS exposure, RT-PCR data showed that NGF mRNA expression was significantly increased in the PD2-11SS group compared with FA exposure (Fig. 4A) . However, there was no significant difference between the PD21-30 SS or FA exposure group. Similarly, ELISA data showed that NGF protein was increased in the PD2-11 group after SS exposure but not in the PD21-30 group (Fig. 4B) .
Effect of NGF inhibition on SS-altered NPY in lung during early postnatal periods. The next set of studies examined the role of NGF in SS-altered NPY nerves and lung function by blocking the NGF in PD2-11 mice. These studies were conducted only in the PD2-11 group because the PD21-20 group did not show altered NGF after SS exposure. Pretreatment with K252a vehicle or IgG did not affect the enhanced NPY innervation or protein levels in lung after SS exposure (Fig. 5, A and  B) . However, pretreatment with the tyrosine kinase inhibitor K252a or NGF antibody attenuated the SS-enhanced NPY protein levels in lung (Fig. 5A) . Similar changes were observed for NPY innervation in tracheal smooth muscle (Fig. 5B) . There was no significant difference in NPY innervation between PD2-11SS or FA exposure group after pretreatment with K252a or NGF antibody.
A major goal of the current study was to understand possible neuronal mechanisms initiated by SS in early life that affects lung function later in life. Our previous study (40) showed that SS exposure in the PD21-30 group did not alter airway responsiveness to reexposure on PD59. Therefore, in the current study, mice in the PD2-11 group were allowed to mature Fig. 2 . Effect of SS on NPY and protein gene product (PGP) 9.5 nerve fiber in trachea of mice. A: fluorescence and rhodamine photomicrographs of NPY and PGP 9.5 nerve fibers in tracheal epithelium (E) and smooth muscle (TSM) in postnatal day (PD)2-11 of FA-or SS-exposed mice. B: changes of NPY and PGP 9.5 nerve fiber density in tracheal smooth muscle after 10 days FA (opened bar) or SS (closed bar) exposure in PD2-11 and PD21-30 group. Arrows: the colocalization of NPY-immunoreactive nerve fibers and PGP 9.5 nerve fibers. *P Յ 0.05, significant difference between FA-and SS-exposed mice. to PD59. Pulmonary function testing was measured on PD60, 16 h after a 6-h reexposure to SS on PD59. The MCh doseresponse curves for R L were significantly elevated, and C dyn was significantly decreased in the PD2-11SS exposure group treated with K252a vehicle or IgG (Fig. 6, A and C) compared FA exposure groups with vehicle or IgG. However, there was no significant difference in the in R L or C dyn to MCh between FA exposure and SS exposure after K252a or NGF antibody treatment (Fig. 6, B and D) . Table 2 shows the baseline R L and C dyn in different groups before MCh challenge 16 h after the SS reexposure on PD59.
DISCUSSION
Our recent study (40) showed that exposure to SS during prenatal and early postnatal periods produces changes in airway innervation and lung function that occur later in life, indicating that a critical period of susceptibility to SS exposure exists during these early periods of development. The results obtained from the current study show that exposure to SS during early postnatal periods significantly changed NPY tracheal innervation and the levels of NPY in lung with a parallel change in pulmonary function in later life. These findings suggest that NPY, a neuropeptide associated with sympathetic nerves, may be associated with the functional changes. Since the neurotrophin NGF influences growth of the sympathetic nervous system, including innervation of the airways (15) , experiments were conducted to demonstrate a possible role for NGF in mediating the SS-induced increase in NPY innervation during the PD2-11 exposure period. We found that exposure to SS at this age significantly increased the level of NGF in lung, but the NGF level in SS exposure at an older age, i.e., PD21-30, was not increased. The altered NPY and lung function by SS exposure in the PD2-11 group were attenuated by pretreatment with the tyrosine kinase inhibitor K252a, a key enzyme of the NGF receptor transduction pathway or by NGF antibody, indicating that increased levels of NPY in the lung and altered lung function are regulated by elevated NGF. These findings support the conclusion that the disruption of normal synthesis and release of NGF after SS exposure during early postnatal life contribute to the changes in airway innervation and lung function, which may lead to disease-related abnormalities in the respiratory system.
Tracheal and bronchial innervation consists of sensory, parasympathetic, and sympathetic nerves. Although airway sensory nerves, such as C fibers (21) and HTA-delta fibers (42) , play a central role in airway regulation, recent studies (12) show that NPY, a cotransmitter and neuromodulator in sympathetic nerves, also plays an important role in the regulation of physiological and pathophysiological processes in the respiratory system. However, previous studies examining age-related changes in airway innervation and neurotransmitter expression in young animals and children are very limited. One of the intriguing findings of this study is that NPY protein and NPY innervation were elevated by PD2-11SS exposure, but they were not increased in the PD21-30 exposure, suggesting a critical period in early postnatal life when normal NPY innervation may be adversely affected. In an earlier report (40) , we showed that airway methacholine responsiveness and SP innervation were increased on PD59 after SS exposure during the early postnatal period but not in the later period. In an entirely different model, Hunter et al. (17) showed that ozone exposure in rat pups before PD15 resulted in enhanced SP innervation, but exposures at PD21 and PD28 did not increase SP innervation. Early life exposures to ozone and house dust mite antigen in monkeys also lead to long-lasting effects on airway innervation (19) . These findings are consistent with the concept in animal models that early postnatal life is a particularly vulnerable developmental period when acute or extended exposure to pollutants such as cigarette smoke (40) or ozone (18) may produce prolonged effects on airway innervation. These findings parallel epidemiological studies indicating that children exposed to cigarette smoke in early postnatal life have a higher incidence of asthma (10) . Although many factors may contribute to early life susceptibility, our studies here, as well as those of others, suggest that detrimental effects of early SS exposures may result in part from altered innervation affecting sensory or autonomic pathways regulating smooth muscle reactivity, bronchial vascular permeability, or mucous secretion. The current study is unique in showing that NPY, a putative neural mediator associated with sympathetic pathways, is increased by early life exposure to SS.
Clinic data demonstrate higher NPY concentrations in the blood of bronchial asthma patients (6), indicating NPY is associated with the pathophysiological processes of asthma. However, the role of NPY in asthma is not well established. NPY may regulate airway smooth muscle tone. In isolated airway, low concentrations of NPY induced a significant airway contractile response (2) . Although this response was weak and accounted for Ͻ6% of response elicited by maximal contraction (2) , NPY also reduced the relaxation response to vasoactive intestinal peptide and norepinephrine. Thus NPY may serve as a neuromodulator in the airway. The enhanced NPY innervation may affect airway smooth muscle tone and inhibit norepinephrine-or vasoactive intestinal peptide-evoked airway relaxation. Another possible pathophysiological mechanism for exacerbation of asthma is that the alteration of NPY levels in the lungs may affect the normal immune system. It was found that direct or indirect stimulation by NPY in vitro leads to increased IL-4 release in Th2 cells, decreased IFN-␥ production in Th1 cells, and induced Th2 shift (12) . One of the most important steps in the development of asthma is the Th2 cell shift (20) . Thus the change of NPY level in lung and airway may alter susceptibility to asthma through Th2 cell shifts after smoke exposure.
Our study demonstrated significant increases in NGF protein and mRNA in lung after SS exposure during the early postnatal period. NGF is well known to promote survival and axon outgrowth of sympathetic nerves (23) , and there is strong evidence that NGF maintains and even enhances the expression of NPY in sympathetic neurons (29) . In mice overexpressing NGF in bronchiolar Clara cells, sympathetic airway innervation is enhanced (14) . These studies suggest that the SSinduced increase in NPY level and tracheal innervation may be stimulated by NGF. Inhibitors of NGF action (i.e., NGF antibody and K252a) directly attenuated NPY responses to SS and attenuated the increase in pulmonary resistance and decrease in dynamic compliance. Although K252a is not specific for trkA signaling, a number of studies (7, 36) have used it as supportive evidence of NGF actions in the airways. These data indicate that SS exposure during early postnatal life increases the level of NGF in lung. We reported recently that NGF was involved in mediating increased substance P expression in ferret airways (39) and that tracheal instillation of NGF during the early postnatal period enhances substance P innervation in rat airway (17) . These findings, coupled with the current study, support the possibility that NGF serves as a signaling molecule during inflammatory events in the airways by regulating neuropeptide production. Another possible way that NPY innervation of the airway wall may increase is through NGF-stimulated axonal branching. However, the current study found that while SS exposed to PD2-11 mice had increased NPY innervation in airway, the density of PGP 9.5 nerves was not significantly altered, suggesting that SS exposure does not affect total airway innervation. Thus the observed increase in NPY innervation occurs in nerves that initially did not contain detectable NPY but that later acquired NPY immunoreactivity. This is consistent with an increase in NPY synthesis in sympathetic neurons. However, additional studies are needed to establish the validity of this idea. Data are means Ϯ SE; n ϭ 4 mice in each group. RL, pulmonary resistance; Cdyn, dynamic compliance; SS, side-steam tobacco smoke; FA, filtered air; NGF, nerve growth factor; Ab, anitbody.
In conclusion, the findings of this study show that exposure to SS during early postnatal life (PD2-11) increases the level of NPY protein in the lungs and NPY nerve fibers density in trachea. At the same time, the level of NGF is significantly elevated. Interestingly, these responses were not observed when SS exposure occurred in later postnatal life (PD21-30), indicating that SS exposure stimulates NPY innervation in the airways during early life but not later. The enhanced level of NPY and the airway hyperresponsiveness induced by SS during early postnatal life exposure are modulated by NGF. Overall, these findings suggest that early life susceptibility to SS may have a neural component regulated by neurotrophins. Table 1 
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